Hypoxia inducible factor (HIF) is a transcription factor that under low environmental oxygen regulates the expression of suites of genes involved in metabolism, angiogenesis, erythropoiesis, immune function, and growth. Here, we isolated and sequenced partial cDNAs encoding hif-α and arnt/hif-β from the Atlantic blue crab, Callinectes sapidus, an estuarine species that frequently encounters concurrent hypoxia (low O 2 ) and hypercapnia (elevated CO 2 ). We then examined the effects of acute exposure (1 h) to hypoxia (H) and hypercapnic hypoxia (HH) on relative transcript abundance for hif-α and arnt/hif-β in different tissues (gly colytic muscle, oxidative muscle, hepatopancreas, gill, and gonads) using quantitative real-time RT-PCR. Our results indicate that hif-α and arnt/hif-β mRNAs were constitutively present under well-aerated normoxia (N) conditions in all tissues examined. Further, H and HH exposure resulted in both tissue-specific and mus cle fiber type-specific effects on relative hif-α transcript abundance. In the gill and glycolytic muscle, relative hif-α mRNA levels were significantly lower under H and HH, compared to N, while no change (or a slight in crease) was detected in oxidative muscle, hepatopancreas and gonadal tissues. H and HH did not affect rela tive transcript abundance for arnt/hif-β in any tissue or muscle fiber type. Thus, in crustaceans the HIF response to H and HH appears to involve changes in hif transcript abundance, with variation in hif-α and arnt/hif-β transcriptional dynamics occurring in both a tissue-and muscle fiber type-dependent manner.
Introduction
Eutrophication-induced hypoxia (low dissolved oxygen; b2 mg l − 1 ) is among the most severe and persistent threats to the health of coastal estuaries and marine ecosystems (Goldberg, 1995; Diaz, 2001; Wu, 2002; Diaz and Rosenberg, 2008) . As human population densities in crease in coastal areas, the anthropogenic input of nutrients and organic matter into coastal waters has resulted in hypoxic and anoxic (complete absence of dissolved oxygen) events of increasing magnitude, frequency and duration (Diaz and Rosenberg, 1995, 2008; Diaz, 2001) . These envi ronmental hypoxia events almost always occur in concert with elevated carbon dioxide levels (hypercapnia)a condition resulting from in creased respirationwhich leads to reduced water pH (Cochran and Burnett, 1996; Burnett, 1997; Melzner et al., in press) , and consequently reduced internal pH (acidosis). As global climate change progresses, the frequency and duration of hypoxia and hypercapnia events in coastal waters are predicted to intensify, which will have significant ramifica tions for the physiological status and survival of countless marine species.
The detrimental effects of low dissolved oxygen conditions in these coastal waters are most obvious in the catastrophic mortality events that occur in hypoxic 'dead zones' (Garlo et al., 1979; Winn and Knott, 1992; Lenihan and Peterson, 1998) . However, sub-lethal hypoxia can trigger a suite of behavioral, physiological, biochemical and genetic re sponses in marine organisms that can severely reduce overall fitness (Burnett, 1997; Burnett and Stickle, 2001) . In crustaceans and fish, for example, hypoxia reduces feeding (Bell et al., 2003) , depresses immune function (Le Moullac et al., 1998; Mikulski et al., 2000; Cheng et al., 2002; Holman et al., 2004; Burgents et al., 2005; Tanner et al., 2006; de la Vega et al., 2007; Paschke et al., 2010) , limits growth (Stewart et al., 1967; Whitworth, 1968; Seidman and Lawrence, 1985; Das and Stickle, 1993; Thetmeyer et al., 1999; Coiro et al., 2000; Stierhoff et al., 2006) , impairs reproductive function (Brown-Peterson et al., 2008; Thomas and Rahman, 2009) , and disrupts sexual differentiation and reproductive hormone levels (Shang et al., 2006; Cheung, 2008; Thomas and Rahman, 2009 ). Hypercapnia alone is also known to alter physiological function, particularly respiratory function (Cochran and Burnett, 1996) . And yet, the combined effects of hypercapnic hypoxia (HH) have received comparatively little attention to date, so much re mains unknown about the molecular and cellular mechanisms by which organisms cope with low O 2 conditions in combination with ele vated CO 2 .
Hypoxia inducible factors (HIFs) are a family of highly conserved transcription factors that act as global regulators of oxygen homeostasis and the adaptive response to oxygen deprivation (Semenza, 1999) . The functional HIF protein is a heterodimeric DNA-binding complex com prising a HIF-α subunit and a HIF-β (also called the aryl hydrocarbon re ceptor nuclear translocator, or ARNT) subunit, both of which are basic helix-loop-helix/Per-Arnt-Sim (bHLH/PAS) proteins. The α and β sub units of HIF are each constitutively expressed in cells; however, under normoxic conditions, HIF-α is selectively tagged for proteosomal degra dation (Salceda and Caro, 1997; Maxwell et al., 1999) so that appreciable levels are only found under hypoxia. In low oxygen conditions, HIF-α is translocated into the nucleus where it heterodimerizes with HIF-β and binds to hypoxia-response elements (HRE) found on specific target genes. In mammalian systems, hypoxia-inducible target genes are pri marily involved in angiogenesis, erythropoiesis, glucose transport and anaerobic glycolysis (Wenger, 2000; Wu, 2002; Gorr et al., 2006; see Wenger et al., 2005 for review) , processes that are integral to enhancing tissue oxygenation and glycolytic energy production.
While the dynamics of HIF and its functional responses have been best studied in mammals, genes homologous to those in the mamma lian HIF signaling pathway are also found in fish (Soitamo et al., 2001; Thomas and Rahman, 2009), amphibians (de Beaucourt and Coumailleau, 2007) , birds (Catron et al., 2001) , and invertebrates (Soñanez-Organis et al., 2009 ). However, our knowledge of the mo lecular responses to hypoxia in these other animal systems is compar atively limited. The hypoxia-mediated response of the hif genes has been investigated in Pacific white shrimp (Soñanez-Organis et al., 2009) , grass shrimp (Li and Brouwer, 2007) and Eastern oyster (Piontkivska et al., 2011) . Otherwise though, very little is known about the transcriptional dynamics and expression of genes encoding HIF among marine organisms in particular, despite the fact that these organisms can be subject to fluctuating oxygen conditions on a daily, seasonal and spatial basis. For instance, the Atlantic blue crab (Cal linectes sapidus) is an estuarine species that frequently encounters ep isodes of hypercapnic hypoxia and is well known for its ability to tolerate and respond to variable oxygen conditions (Burnett, 1997) . This characteristic makes C. sapidus an excellent marine organism in which to study the molecular response to hypercapnic hypoxia. Fur ther, as a species of considerable economic worth [C. sapidus landings in the Gulf of Mexico alone averaged $202,000,000 (USD) annually between 2000 (McCrea-Strub et al., 2011 ], the value of in vestigating the impacts of an increasingly hypercapnic and hypoxic estuary environment in this species should be immediately obvious.
In the present study, we isolated and sequenced cDNAs encoding the HIF-α and HIF-β protein subunits from C. sapidus, and examined the effects of acute (1 h) exposure to hypoxia (H) and hypercapnic hypoxia (HH) on relative transcript abundance of hif-α and hif-β (hereafter referred to as arnt/hif-β) genes in the hepatopancreas, gill, gonad, and muscle tissues of both male and female crabs. Based on the picture of HIF transcriptional regulation that has emerged from studies in vertebrates, we hypothesized that H and HH exposure each would lead to a significant increase in hif-α levels, but would have no corresponding effect on arnt/hif-β levels. Additionally, we compared the effect of hypoxia and hypercapnic hypoxia on relative levels of hif subunit mRNAs between aerobic dark fibers and anaero bic light fibers of the skeletal muscle, with the aim of discerning po tential differences in hif-α and arnt gene expression between two metabolically distinct muscle fiber types. Aerobic dark fibers are characterized by using oxidative metabolic processes to power sustained, endurance contractions, whereas anaerobic light fibers use only glycolytic processes to power burst-escape contractions. The dramatic differences in cellular oxygen demand between these muscle fiber types led us to hypothesize that patterns of hif-α and arnt/hif-β gene transcript abundance under normal oxygen condi tions (normoxia)and in response to hypoxia and hypercapnic hyp oxiawould differ between the two fibers.
Materials and methods

Animal care and maintenance
Adult Atlantic blue crabs, C. sapidus Rathbun, were collected in the tidal creeks surrounding Charleston Harbor (Charleston, SC, USA) or were purchased from local commercial seafood vendors. Animals were maintained in aerated, recirculating, UV-sterilized seawater (30 ppt salinity, 23-25 °C) under a 12 h:12 h light:dark photoperiod and fed frozen bait squid on alternating days. Animals were held in these conditions for a minimum of one week and only those animals in the intermolt stage, as determined by visual examination of the cuti cle layer in the fifth pereiopod, were considered acceptable for use. Mean body mass ± SEM for male and female crabs (n =8-14 per treat ment group) was 169.94 ± 5.60 g and 162.41 ± 3.27 g, respectively.
Experimental gas exposures
The day following a final feeding, individual animals were transferred from their holding tanks into a 38 L exposure tank containing UVsterilized seawater (30 ppt and 25 °C) and held for 24 h. Subsequently, animals were exposed to one of the following dissolved gas treatments: normoxia (N; Po 2 =20.0 kPa, P CO2 b 0.06 kPa, pH= 7.8-8.0), hypoxia (H; Po 2 = 4.0 kPa, P CO2 b 0.06 kPa, pH= 7.8-8.0), or hypercapnic hypox ia (HH; Po 2 = 4.0 kPa, P CO2 =1.8 kPa, pH=6.7-7.0). Hypoxia was achieved by bubbling pure nitrogen gas into the exposure tank, while hypercapnic hypoxia was achieved by bubbling a mixture of 98% nitrogen and 2% carbon dioxide gas produced with a mechanical gas mixer (H. Wösthoff, Bochum, Germany). Normoxic conditions were maintained by simply bubbling with atmospheric air. Through out each exposure, the Po 2 was monitored and regulated using an oxygen electrode (YSI Model 58, Yellow Springs, OH, USA) and data acquisition system (Sable Systems International, Las Vegas, NV, USA) as described by Mikulski et al. (2000) . Animals (one individual per tank) were held in these treatments for 1 h and promptly sacrificed. Skeletal muscle (anaerobic light and aerobic dark), hepa topancreas, gill and gonad tissues were excised and immediately flash-frozen in liquid nitrogen. Care was taken to collect tissues at approximately 14:00 h each day to control for circadian rhythms in gene expression.
2.3. Identification and sequencing of cDNAs for hif-α and arnt/hif-β
RNA isolation and reverse transcription
Total RNA was extracted from the eyestalk of a male blue crab using TriReagent (Molecular Research Center, Cincinnati, OH, USA) with bromochloropropane as the phase separation reagent. Extracted RNA was then DNase I treated (Turbo DNA-free, Ambion, Austin, TX, USA) and quantified by spectrophotometry (260:280 ratio of 1.99; NanoDrop 2000, ThermoScientific, Wilmington, DE, USA), before being examined on a 0.8% agarose gel for RNA quality.
First strand cDNA was synthesized in a 20 μL reverse transcription reaction by incubating 5 μg of total RNA template (4.75 μL) with 1.0 μL annealing buffer, 1.0 μL of random primers (Promega, Madison, WI, USA), and 1.25 μL of RNase-free H 2 0 (Sigma-Aldrich, St. Louis, MO, USA) at 65 °C for 5 min. Subsequently, 10 μL of 5× buffer and 2 μL of Superscript III Reverse Transcriptase Enzyme Supermix (Invitrogen) were added, and the mixture was incubated under a thermal profile of 25 °C for 10 min followed by 50 °C for 50 min and 85 °C for 5 min (iCycler, BioRad).
Isolation and sequencing of partial arnt/hif-β cDNA
PCR was performed using three nested sets of degenerate primers designed to consensus regions of cDNA sequences for arnt/hif-β de scribed previously in Pacific whiteleg shrimp (Litopenaeus vannamei; GenBank accession no. ACU30155; Soñanez-Organis et al., 2009), jewel wasp (Nasonia vitripennis, XP_001605013), and zebrafish (Danio rerio; type 1a; AY707649). First-strand cDNA was amplified in 50 μL PCR reactions containing 2 μL of reverse-transcribed cDNA, 25 μL GoTaq Master Mix (Promega, Madison, WI, USA), 21 μL RNase-free H 2 0, and 1 μL each of forward and reverse primer (50 μM) under a thermal profile of 95°C for 2 min followed by 35 cycles of 95 °C for 30 s, 50-51°C for 30 s, and 72 °C for 1 min, and ending with 72 °C for 5 min on a PT-100 Thermal Cycler (MJ Research). When electrophoresis of the PCR product on a 1.2% agarose gel revealed a band of predicted size, the cDNA was pu rified (QIAquick PCR Purification Kit, Qiagen, Inc., Valencia, CA, USA) and sequenced by MacrogenUSA (Rockville, MD, USA) on an ABI Prism 3100 Genetic Analyzer using ABI Big Dye Terminator Cycle Se quencing Kit 3.1. A consensus sequence encoding a 422 bp nucleotide partial length cDNA for arnt/hif-β was assembled using Sequencher™ v.4.8 (Gene Codes Corp., Ann Arbor, MI, USA).
Extension of initial partial cDNA sequences for hif-α and arnt/hif-β
Nested gene-specific primers for arnt/hif-β were designed to the 422 bp nucleotide partial cDNA sequence obtained above. These primers were then used to extend the partial cDNA sequences by 5′-and 3′-rapid amplification of cDNA ends (BD SMARTer RACE cDNA Amplification Kit, Clontech Laboratories, Inc., Mountain View, CA). Gene-specific primers for the RACE reactions are provided as part of the accompanying on-line Supplemental materials (Table 1) . First strand cDNA was amplified in 50 μL reactions containing reverse-transcribed cDNA from the gills of a male blue crab using the following reaction components: 5 μL of 10× High Fidelity PCR Buffer, 2 μL of MgSO 4 (50 mM), 1 μL of dNTPs (10 mM), and 0.2 μL of Platinum® Taq High Fidelity Polymerase (Invitrogen, Inc.), along with 3 μL of cDNA template. Amplification occurred under a thermal profile of 5 cycles of 94 °C for 30 s followed by 72 °C for 2 min; 5 cycles of 94 °C for 30 s, 70 °C for 30 s, and 72 °C for 2 min, and then 25 cycles of 94 °C for 30 s, 68 °C for 30 s, and 72 °C for 2 min. When electrophoresis of the 5′-and 3′-RACE products on 1.2% agarose gels failed to reveal any clear PCR product bands, the nested gene-specific primers were used in a second PCR reaction. PCR products from all resulting bands were pu rified (QIAquick PCR Purification Kit) and sequenced (MacrogenUSA). The resulting cDNA sequences were aligned using Sequencher™ v.4.8 software and compared against sequences for arnt/hif-β from verte brates and other invertebrates using BLAST.
In addition, a previously published partial cDNA of 1491 bp nucle otides encoding hif-α from blue crab (GenBank accession no. EF568606) was extended using a nested set of gene-specific primers. The primers were designed using Primer Express 2.0 software (Ap plied Biosystems, Inc.) and were the following: outer forward, 5′ GTGAGATTTTCGCTGAGCTGGC-3′; inner forward, 5′-CTGGACAAAGC CTCCATCATGA-3′; inner reverse, 5′-TGTCCGTGGCACAAAGATCTT-3′; and outer reverse, 5′-ATACATGAGTCCCCCTCCAGGT-3′. These primers amplified a 1362 bp nucleotide partial cDNA from blue crab, which was then sequenced (MacrogenUSA) to confirm its identity as hif-α.
Nested gene-specific primers for RACE PCR were subsequently designed to this partial cDNA (on-line Supplemental materials, Table 1 ), and used in 5′-and 3′-RACE reactions to extend this partial cDNA of hif-α follow ing the methods for RACE as described above.
Phylogeny construction
The deduced amino acid sequences for the blue crab hif-α and arnt/ hif-β cDNAs were aligned to amino acid sequences obtained from GenBank (http://www.ncbi.nlm.nih.gov/) for hif-α and arnt/hif-β tran scripts and genes from vertebrates and other invertebrates. Sequences were aligned using ClustalX software (Larkin et al., 2007) , and a phylog eny was constructed in MEGA v.5 (Tamura et al., 2011) , using the Neighbor-Joining method and a p-distance model for tree construction (Saitou and Nei, 1987) . All positions containing alignment gaps were eliminated only in pairwise sequence comparisons (pairwise deletion of gaps). Confidence values for clusters of associated taxa were subse quently obtained by bootstrap tests (1000 replicates).
SYBR green real-time quantitative RT-PCR assays
Total RNA was extracted from gill, hepatopancreas, gonads, anaer obic light muscle and aerobic dark muscle tissues of male and female blue crabs using TRI-Reagent (Molecular Research Center) with bromochloropropane. The resulting RNA was DNase I treated (Turbo DNA-free, Ambion) and quantified by spectrophotometry (Nanodrop 2000, ThermoScientific) . The DNase I treated total RNA was then re verse transcribed in 10 μL reactions by incubating 0.5 μg of total RNA template (4 μL) with 2.0 μL of GoScript™ 5× reaction buffer, 1.0 μL of MgCl 2 (25 mM), 0.25 μL of RNaseOUT (40 U/μL) (Invitrogen), 0.5 μL of random hexamer (500 ng/mL) (Promega), 0.5 μL dNTPs (stock of 10 mM each of dCTP, dGTP, dTTP and dATP; Promega), and 0.25 μL of GoScript Reverse Transcriptase (Promega), under a thermal profile of 25 °C for 5 min followed by 42 °C for 60 min and 70 °C for 15 min (MyCycler thermal cycler, Bio-Rad).
Primers for SYBR green quantitative real-time PCR assays were designed (Primer Express 2.0, Applied Biosystems, Inc.) to protein cod ing regions of the partial cDNAs for hif-α and arnt/hif-β from blue crab. Primers were also designed for β-actin from blue crab (GenBank acces sion no. DQ084066) for use as a control gene. All primers were synthe sized by Integrated DNA Technologies (Coralville, IA, USA) ( Table 1) . Specificity of these SYBR green primer sets was confirmed by sequenc ing, as well as by melt-curve analysis during all quantitative PCR runs.
Quantitative real-time PCR was conducted in 16 μL reactions. Each re action contained 4.22 μL nuclease-free water (Sigma-Aldrich, St. Louis, MO, USA), 8.0 μL GoTaq® qPCR Master Mix (Promega), 0.64 μL each of forward and reverse primers (5 μM), and 2.5 μL of reverse-transcribed cDNA template. The PCR thermal profile for each reaction was 50 °C for 2 min, 95 °C for 10 min, 42 cycles of 95 °C for 15 s and 59°C for 1 min, and all assays were run on a Bio-Rad iCycler with a MyiQ™ Single Color PCR Detection System (Bio-Rad). Melt curve analysis was also performed to confirm amplification of a single product and the absence of primer dimers. For each gene, a standard curve was made from a pool of RNA from muscle that included samples representing all treatments and sexes. Each standard was serially diluted and assayed in triplicate. DNA contamination was assessed for each gene by analyzing RNA samples that were not reverse-transcribed, and each qPCR run included wells without cDNA template to further control for contamination. For each gene, corre lation coefficients (r 2 ) for the standard curve ranged from 0.976 to 0.999. PCR efficiencies for each gene were calculated using the equation: effi ciency =[10 (− 1/slope) −1], and are provided in Table 1 .
Transcript abundance for β-actin was quantified as the normaliz ing gene. Within each tissue examined, transcript levels of β-actin were stable across treatments (range: p = 0.249-0.988); use of β actin has also been validated previously in crustaceans as a normaliz ing gene for experiments in which oxygen and carbon dioxide levels are varied (Rathburn et al., in review) . For each gene, relative mRNA levels were subsequently calculated using the standard curve and normalized to β-actin mRNA expression. Finally, transcript abun dance for each gene of interest was expressed as a relative level by di viding the resulting values by the mean values of males in the control treatment group.
Statistical analysis
All statistical analyses were performed with the statistical software package JMP (v. 7). Where required, data were log 10 or square roottransformed to meet the assumptions of normality and homogeneity of variance, as confirmed by the Shapiro-Wilk and Bartlett's tests, re spectively. A one-way ANOVA model was used to test for an effect of treatment (N, H, or HH) in the gill, hepatopancreas and gonad tissues. In the muscle tissue, a two-way ANOVA model was used with treat ment, muscle fiber-type, and treatment * fiber-type interaction as fac tors. Post-hoc comparisons were made with Tukey's Honestly Significant Difference test (HSD). Where variance could not be made equal through transformation a one-way Welch ANOVA was performed on untransformed data. Values are reported as means ± SEM, and statis tical differences were accepted at p b 0.05 and considered moderately significant at p b 0.10. Inter-tissue and inter-sex statistical comparisons of hif-α and arnt/hif-β mRNA levels were not conducted due to method ological constraints that prevented the authors from simultaneously measuring relative mRNA levels from all tissues and both sexes at once.
Results
3.1. Isolation and sequencing of cDNAs encoding hif-α and arnt/hif-β from blue crab RT-PCR using degenerate primers designed to arnt/hif-β from other species identified a partial length cDNA in the blue crab. BLAST analysis of this fragment confirmed its similarity to arnt/hif β. Subsequent extension of this initial partial cDNA using 5′-and 3′-rapid extension of cDNA ends (RACE) generated a 791 bp partial cDNA encoding a deduced sequence of 263 amino acids of putative arnt/hif-β from blue crab (GenBank accession no. JN673811). Like wise, gene-specific primers designed to an existing partial cDNA se quence of 1491 bp nucleotides for hif-α from blue crab (EF568606) were used in 5′-and 3′-RACE PCR reactions to obtain an extended partial cDNA sequence of 3226 bp nucleotides encoding an partial opening reading frame of 3079 bp nucleotides with a deduced amino acid sequence of 1026 residues, and 147 bp nucleotides of the 3′ untranslated region (UTR) (JN673810).
BLAST (http://blast.ncbi.nim.nih.gov/Blast.cgi) and phylogenetic analyses of the deduced amino acid sequence of these cDNAs from blue crab confirmed their identities as hif-α and arnt/hif-β. Phylogenetic analyses of the deduced amino acid sequence of the hif-α cDNA from blue crab illustrated its similarity to all currently identified hif-α-type cDNAs in Crustacea, and revealed that these hif genes of crustaceans are not part of the hif-1α clade of vertebrates, but rather are part of what appears to be a single invertebrate hif-α gene that is ancestral to the divergence of the genes encoding hif-1α, hif-2α, and hif-3/4α in mammals and teleost fishes (Fig. 1) . Given that the deduced amino acid sequence of the blue crab cDNA identified here is not monophyletic with vertebrate HIF-1α proteins, we refer to it simply as hif-α, and not hif-1α as it has been previously called for other crustaceans.
Similarly, phylogenetic analysis of the deduced amino acid sequenced for the partial cDNA encoding putative HIF-β from blue crab confirmed the identity of this cDNA as part of the arnt/hif-β family of genes (Fig. 2) . Similar to the relationships observed with HIF-α, the blue crab HIF-β protein showed closest similarity to HIF-β identified previously in the Pacific whiteleg shrimp, L. vannamei, and clustered as a member of the larger clade of invertebrate arnt/hif-β genes, which was monophy letic from the arnt/hif-β genes of vertebrates.
Expression of HIF-α and ARNT/HIF-β gene transcripts
Transcript levels are muscle fiber type-dependent
A two-way ANOVA model revealed a significant treatment by fibertype interaction effect on hif-α transcript abundance in both the female (F 2,61 = 8.167, p = 0.007) and male (F 2,59 = 6.0946, p = 0.0039) crabs. Such a result indicates that the effect of treatment on mRNA transcript abundance is significantly different between the light and dark muscle fibers. In the female crabs, pairwise statistical post-hoc comparisons re vealed that relative hif-α mRNA levels in the light fibers were signifi cantly lower in both H and HH than in the normoxic control group, while in the dark fibers there was a significant increase in HH of hif-α mRNA levels above N. The same trend was observed in the male crabs; hif-α mRNA levels in the light fibers were significantly lower in both H and HH than N, while in the dark fibers there was a detectible, although insignificant, increase in hif-α mRNA levels under H or HH (Fig. 3) . Fur thermore, in both sexes hif-α transcript abundance is significantly higher in the light fibers than the dark fibers under normoxia (Fig. 3) . A two-way ANOVA also revealed a significant tissue effect on arnt/hif-β transcript abundance in both the female (F 1,61 =6.94, p =0.0107) and male (F 1,59 =20.3848, p b 0.0001) crabs, with relative mRNA levels being significantly higher in the light muscle fibers than the dark muscle fibers. However, no significant effect of treatment was detected on arnt/ hif-β levels in either sex (female, p=0.3212; male, p=0.6487).
Relative transcript abundance responses are tissue-specific
One-way ANOVA models revealed a significant effect of treatment on hif-α transcript abundance in the gill tissue ( Fig. 4 ) (males: F 2,30 =4.8119, p=0.0154; females: F 2,28 =3.8106 , p=0.0344), but no effect of treatment was detected in either the gonads (testis, p = 0.3891; ovary, p=0.7120) or the hepatopancreas (male, p=0.8360; fe male, p=0.0841). In the gill tissue, relative hif-α mRNA levels were sig nificantly lower in the males exposed to H (pb 0.05), compared to HH and N, and in the females exposed to HH (pb 0.05) and H (pb 0.10), compared to N. One-way ANOVA models determined that there was no significant effect of treatment on arnt/hif-β mRNA transcripts levels in any tissue type (Fig. 5 ).
Discussion
Vertebrates are known to have evolved multiple hif-α genes. Three distinct hif-α paralogs, hif-1α, hif-2α, and hif-3α, have been identified in mammals, while teleost fish are reported to have a separate ortholog to mammalian hif-3αreferred to as hif-4αin addition to hif-1α and hif-2α (Law et al., 2006; Rytkönen et al., 2011) . This pattern of gene di vergence amongst vertebrates is clearly demonstrated in our current hif-α phylogeny (Fig. 1) . In contrast, all invertebrate taxa (including crustaceans) examined to date seem to have evolved only one hif-α gene. Our phylogenetic analysis, as well as evolutionary analyses de scribed elsewhere (Li and Brouwer, 2007; Soñanez-Organis et al., 2009; Piontkivska et al., 2011) , indicate that the crustacean hif-α gene is not monophyletic with the vertebrate hif-1α gene, but rather is the evolutionary precursor to all vertebrate forms of hif-α, which have Fig. 1 . Phylogenetic tree of deduced amino acid sequences for HIF-α cDNAs and genes from vertebrates and other invertebrates. The partial cDNA identified here from blue crab (C. sapidus) (GenBank accession no. JN673810) is shown next to the arrow. Clades for vertebrate HIF-1α, HIF-2α and HIF-3/4α are demarked by brackets and comprise part of a larger clade of vertebrate HIF-α proteins. The clade of crustacean HIF-α, which includes the new cDNA identified here in blue crab (arrow), is also denoted. The tree was assem bled with the Neighbor-Joining method with pairwise deletion of gaps, and bootstrap values from 1000 replicates are indicated at each node. GenBank accession numbers for all each sequence are provided in parentheses following the taxon designation. undergone subsequent gene duplication events to create the vertebrate hif-1α, hif-2α, and hif-3α/hif-4α subclades (Fig. 1) . For that reason, we use the nomenclature hif-αrather than hif-1αfor the blue crab cDNA identified herein, and advocate that the nomenclature of all crus tacean hif-α cDNAs or genes should be referred to similarly (see also Piontkivska et al., 2011) .
In mammalian and fish systems, hif-1α is believed to be the principal regulator of cellular oxygen homeostasis (Wenger, 2002) , facilitating changes in the expression of hypoxia-inducible target genes primarily via post-translational modifications of the HIF-α and ARNT/HIF-β sub units, rather than through transcriptional-level changes (Pisani and Dechesne, 2005) . The role and regulation of hif-2α, hif-3α, and hif-4α, however, are less well understood. Regulation of hif-2α expression is also thought to occur primarily at the translational level, whereas hif 3α and hif-4α demonstrate regulation primarily at the transcriptional level (Heidbreder et al., 2003; Law et al., 2006) . Fewer studies still have examined the regulation of crustacean hif-α during low oxygen conditions (Li and Brouwer, 2007; Soñanez-Organis et al., 2009) , al though available findings suggest that transcriptional regulation does occur (Soñanez-Organis et al., 2009) . Presently, we hoped to clarify whether crustacean hif-α (from C. sapidus) showed a transcriptional re sponse to hypoxia, as well as the more ecologically relevant condition of hypercapnic hypoxia.
Our findings confirm that the crustacean hif-α and arnt/hif-β homologs are constitutively expressed in all of the C. sapidus tissues we exam ined, and that acute exposure to hypoxia and hypercapnic hypoxia leads to significant changes in relative transcript abundance for hif-α ( Figs. 3  and 4 ), but not arnt/hif-β ( Figs. 3 and 5) . Furthermore, we observed that the changes in hif-α mRNA levels in response to short-term (1 h) H and HH exposures were tissue-specific, occurring in the gill and muscle Fig. 2 . Phylogenetic tree of ARNT/HIF-β deduced amino acid sequences from vertebrates and other invertebrates. The full-length cDNA identified here from blue crab (C. sapidus) (GenBank accession no. JN673811) is shown next to the arrow. The clade for vertebrate ARNT/HIF-β is demarked by brackets. The clade of invertebrate ARNT/HIF-β, which includes the new cDNA identified here in blue crab (arrow), is also denoted. The tree was assembled using the Neighbor-Joining method with pairwise deletion of gaps, and bootstrap values from 1000 replicates are indicated at each node. GenBank accession nos. for each sequence are provided in parentheses following the taxon designation.
tissues, but not the hepatopancreas or gonadal tissues. This phenome-to short-term hypoxia (≤24 h) in the gill and muscle tissue, but not in non of tissue-dependent transcriptional regulation of hif-α during hyp-the hepatopancreas (Soñanez-Organis et al., 2009), exactly as we ob oxia exposure has been observed before in other invertebrates. In fact, served. In the Eastern oyster (Crassostrea virginica), long-term hypoxia hif-α mRNA levels in the whiteleg shrimp (L. vannamei) were sensitive (2 weeks) had a significant effect on hif-α mRNA levels in the gill tissue, Fig. 3. Variation in hif-α (A, B) and arnt/hif-β (C, D) relative mRNA levels under short-term (1 h) conditions of N, H or HH in oxidative dark and glycolytic light muscle in male (right panel) and female (left panel) C. sapidus. Two-way ANOVA was used to compare experimental treatments across fiber-types. * denotes a significant difference from the normoxic control group in that muscle fiber type (p b 0.05). † denotes a significant difference between the dark and light fiber types for that treatment (p b 0.05). ‡ denotes a moderately sig nificant difference between the dark and light fiber types for that treatment (p b 0.1). Error bars represent mean ± SEM. For each treatment group n = 8-14. One-way ANOVA was used to compare experimental treatments within each tissue. * de notes a significant difference from the normoxic control group in that muscle fiber type (p b 0.05). ** denotes a moderately significant difference from the normoxic control group in that muscle fiber type (p b 0.10). Error bars represent mean± SEM. For each treat ment group n = 8-11. but not the hepatopancreas or muscle tissue (Piontkivska et al., 2011) . Tissue-specific changes in HIF-α protein level have also been widely ob served during low oxygen exposure in vertebrates (Stroka et al., 2001; Rissanen et al., 2006) . We have clearly demonstrated that there is a transcriptional level response to hypoxia by hif-α in C. sapidus, yet this does not preclude there being translational regulation as well. A lack of well-established antibodies to the crustacean HIF-α protein presently prohibits quan tification of the protein level response to H and HH in the blue crab. However, other studies have shown that hypoxia can lead to an in crease in invertebrate HIF-α protein levels [i.e., Antarctic limpet (Weihe, 2009) , gall fly (Morin et al., 2005) and Drosophila (see Gorr et al., 2006) ], suggesting that regulation of HIF-α protein does also exist. In all, though, our results suggest a model of hypoxia-induced regulation of hif-α transcript abundance in crustaceans that is differ ent from that of typical hif-1α transcriptional regulation in mammali an systems. This point is emphasized by the fact that we observed a significant decrease in hif-α gene transcript expression in response to low oxygen in the gill and oxidative muscle tissue [as did Soñanez-Organis et al. (2009)] , which stands in contrast to the major ity of previously observed vertebrate hypoxic responses, where hif-1α transcript levels typically increase or remain unchanged during hyp oxic exposure (depending on the taxon and the tissue) while translational modification results in increasing levels of the HIF-1α protein subunit (Stroka et al., 2001) .
The marked differences in the regulation of the HIF-mediated hyp oxic response between crustaceans and vertebrates may be a reflection of the disparate adaptive responses to low environmental Po 2 between the more 'hypoxia-tolerant' invertebrates and 'hypoxia-sensitive' verte brates. Endothermic vertebrates are largely intolerant of declining am bient Po 2 and tend to be sensitive to even the slightest periods of oxygen deprivation (e.g., Duffy et al., 1972) . During bouts of low oxygen exposure in mammals, HIF transcription factors mediate a hypoxic re sponse that is largely aimed at ATP 'compensation'; that is, attempting to support a similar level of energy demand by switching from aerobic to anaerobic means of ATP production (Boutilier and St-Pierre, 2000; Seagroves et al., 2001; Gorr et al., 2006) . Conversely, hypoxia tolerance in invertebratesnotably within the crustaceans and insectsis wide spread and mediated by a strikingly different adaptive response. Inver tebrate survival during hypoxia is made possible not by compensation, but primarily by ATP conservation (Larade and Storey, 2002; Gorr et al., 2006) . This ATP conservation is accomplished by entering a revers ible hypometabolic state. During this metabolic depression the most en ergetically expensive cellular functions (i.e., protein synthesis, protein degradation and ion-motive ATPases) are drastically suppressed, thereby reducing overall ATP consumption to match the concomitant decline in ATP supply and achieving a new, balanced steady-state (Boutilier and St-Pierre, 2000; Hochachka and Somero, 2002; Gorr et al., 2006) . At this time, we do not understand the role, if any, of HIF in regulating the metabolic depression strategy of 'hypoxia-tolerant' inver tebrates. Although there is recent (unpublished) evidence that the Dro sophila gene thor, which is induced during the hypoxic response and is only expressed in the presence of HIF, may play a role in inhibiting pro tein synthesis thereby implicating a possible regulatory role for HIF in metabolic depression (Gorr et al., 2010) .
The hypoxic HIF response in crustaceans/invertebrates may be par ticularly important in the gills, as levels of hif-α mRNA are often highest in this tissue under both normoxic and hypoxic conditions (Soñanez-Organis et al., 2009; Piontkivska et al., 2011) . Furthermore, our results indicate that the effects of hypoxia and hypercapnic hypoxia on hif-α gene transcription were most dramatic in the gill tissue, an observation mirrored during hypoxic exposure in the whiteleg shrimp (Soñanez-Organis et al., 2009) and the Eastern oyster (Piontkivska et al., 2011) . It is also notable that in our present study with blue craband in previ ous studies of other invertebrates (Li and Brouwer, 2007; Soñanez-Organis et al., 2009; Ivanina et al., 2010; Piontkivska et al., 2011; Susarellu et al., 2012 )that hif-α mRNA levels in the hepatopancreas consistently show no response to hypoxia or anoxia, and under normoxic conditions both the transcript and protein are often found at relatively lower levels (Stroka et al., 2001; Kodama and Rahman, 2011) . But, why might hif-α transcriptional regulation in the gills be so distinct from other tissues? The gills have a well-established role in respiration, osmoregulation, acid-base balance, immune function and detoxification, and are the most obvious candidate tissues to first detect a drop in environmental Po 2 . The hepatopancreas, on the other hand, is also a highly metabolic, multifunctional tissue involved in excretion, molting, lipid/carbohydrate metabolism, synthesis and secretion of di gestive enzymes, and synthesis of hemocyanin. The metabolic oxygen demands of the gill and hepatopancreas tissues in estuarine crabs are quite similar, and relatively high (Houlihan et al., 1990; Maciel et al., 2004) . Thus, eliciting a HIF-mediated metabolic suppression under low-oxygen seems appropriate (and perhaps critical) for both of these tissues. Nevertheless, there does not appear to be a transcription-level response of hif-α to hypoxia in the hepatopancreas as in the gill, suggesting that tissue-specific regulation of HIF may involve transcrip tional regulation in some tissues but translational regulation in others, or that the hypoxia-driven decrease in hif-α mRNA levels in the gill and oxidative muscle (relative to the unchanging levels in the hepato pancreas) is actually meant to dampen the hypoxic response in tissues where HIF-α protein levels are already constitutively high.
Another interesting finding was that the effect of hypercapnic hyp oxia on hif-α gene expression in the gill tissue was different between sexes. While females showed a dramatic reduction in hif-α mRNA levels during both H and the more severe HH, males had a significant decline only during hypoxia. In the oxidative muscle tissue, however, both sexes exhibit the same significant decline in hif-α transcript abundance during H and HH. Female blue crabs, unlike male blue crabs, experience a 'terminal molt' as adults after which time they presumably do not molt again. In crustaceans, invading bacteria and pathogens are inactivated by the immune system and temporarily accumulated in the gill tissue, where they are stored until the next molt cycle (White et al., 1985; Martin et al., 2000) . During ecdysis, the old epicuticle of the gill tissue (including any stored pathogens) is shed, thereby 'cleaning' the gill tissue of any occluding waste material. It is possible that an adult female blue crab will be more sensitive to the physiological challenges as sociated with high oxygen and low pHchallenges that must be met in large part by the gill tissueif they do not continue to experience the re storative benefits of additional molt cycles during adulthood.
In addition to investigating the general tissue-specific effects of hypox ia and hypercapnic hypoxia on hif-α expression, we also compared hif-α and arnt/hif-β expression between skeletal muscles predominantly composed of either oxidative 'dark' fibers or glycolytic 'light' fibers. En ergy for contraction comes from either aerobic oxidative phosphoryla tion or anaerobic glycolysis in the dark and light fibers, respectively. The different metabolic strategies serve to most effectively meet the specific mechanical and functional demands of each discrete fiber typethe endurance contractions of the dark fiber, or the rapid, high-force contractions of the light fibers. Given the role of hif-α as the primary molecular oxygen-sensor, we expected to see differences in its transcript abundance between these two metabolically distinct fiber types. We have shown herein that (a) under normoxic conditions both hif-α and arnt/hif-β mRNAs are constitutively expressed at higher relative levels in the glycolytic light fibers than the oxidative dark fibers, (b) there is a significant decrease in hif-α transcript abundance after acute exposure to both hypoxia and hypercapnic hypoxia in the glyco lytic light fibers only, but (c) there is a moderate increase in hif-α mRNA relative levels after exposure to hypercapnic hypoxia in the oxi dative dark fibers, and (d) that arnt/hif-β transcriptional dynamics are expectedly insensitive to both H and HH. Pisani and Dechesne (2005) observed an identical muscle fibertype dependence on hif-α gene expression in normoxic rats, whereby hif-α mRNA (and protein) levels were constitutively higher in three predominantly glycolytic muscles compared to the predominantly oxidative soleus muscle. They ultimately inferred that the O 2 regula tion system was different between these two fiber types. The HIF-1 complex was implicated as the primary O 2 regulation system in gly colytic fibers, but myoglobinwhich is found in much higher concen trations in oxidative fibers than the glycolytic fibersis believed to serve an analogous role in oxidative fibers. C. sapidus, however, does not contain myoglobin in its skeletal muscle fibers and so the in creased oxidative demands of the light fibers could not be met in this manner. Furthermore, although normoxic levels of hif-α mRNA are higher in glyolytic fibers than oxidative fibers, hypoxic exposure causes relative levels of this transcript to decrease in abundance rath er than increase, as they do in oxidative dark fibers. The slight in crease in hif-α levels in the oxidative fibers under environmental hypoxia is more consistent with the mammalian response to hypoxia, even if the magnitude of change at the transcription level is small. Nonetheless, it is important to note that the bulk of hif-α regulation in the oxidative fibers could also be occurring at the protein level, al though that avenue was not presently explored.
In conclusion, we identified partial-length cDNAs encoding the two HIF subunitshif-α and arnt/hif-βfrom the blue crab C. sapidus and demonstrated that hif-α transcripts in this species are present in mul tiple tissues under normoxic conditions. This work also provides evi dence that blue crabs exhibit both tissue-specific and muscle fiber type-specific changes in relative hif-α mRNA levels under both hypox ia and hypercapnic hypoxia conditions. Given that blue crabs occupy estuarine habitats for a large portion of their life cycle, these tissuespecific transcriptional responses may indicate evolved, tissuespecific mechanisms for coping with exposure to short-term environ mental hypoxia. And yet, as estuaries and coastal ecosystems become increasingly hypoxic and hypercapnic due to anthropogenic impacts, the general health and metabolic status of coastal organisms may be come jeopardized. At present, we cannot predict the full effects of these environmental changes on the health and behavior of estuarine species like the blue crab until we have a more complete picture of the general hypoxia-induced HIF responses in these 'hypoxia-tolerant' species, and how those responses compare to responses in species that have not evolved under intermittent hypoxic conditions. Supplementary data to this article can be found online at http:// dx.doi.org/10. 1016/j.cbpa.2012.05.195. 
